We determine probabilities of physical association for stars in blended Kepler Objects of Interest, and find that 14.5%
INTRODUCTION
The Kepler mission had a simple observing strategy: it observed a 105 deg 2 field in Cygnus near-continuously with an unfiltered wideband camera. Its main data output were the light curves of target stars, in which it found transits and measured their depth and timing. The conversion of this transit information to planetary characteristics requires the stellar parameters of the host, which the Kepler telescope could not provide itself. Stellar characterization is then dependent on data from other sources, typically photometric observations performed for the Kepler Input Catalog in the visible and by 2MASS in the near-infrared (Brown et al. 2011; Liebert et al. 1995; Huber et al. 2014) .
A complication arises from the vulnerability of Kepler 's relatively large 4 pixels to the misinterpretation of unresolved binaries as single stars . These unseen companions dilute the transit by making it appear shallower relative to its host star, and thus the transiting object's size is underestimated. Photometric characterization of the host star is also distorted by the blended light.
Many of these blended and contaminating companions can be identified in the Kepler data by careful examination of the light curve data for irregularities, including secondary transits (indicative of an eclipsing binary) and shifts in the star's centroid coincident with observed transits Tenenbaum et al. 2013 ). These techniques have proven largely successful in screening out many false positives, and though it has been shown that of the remaining contaminated KOIs the great majority (> 90%) are not false positives, many transiting planets are still larger than interpreted (Morton and Johnson 2011; Fressin et al. 2013; Santerne et al. 2013; Ciardi et al. 2015; Désert et al. 2015) . Further validation then requires finding contaminating companions either indirectly, e.g. with transit photometry (Colón et al. 2012 (Colón et al. , 2015 or directly, e.g. high angular resolution imaging (Morton 2012) . The necessary sub-arcsecond resolution to find these contaminating companions can be achieved on the ground by several techniques, most notably lucky/speckle imaging (Horch et al. 2012; Lillo-Box et al. 2012 and adaptive optics (Adams et al. 2012 (Adams et al. , 2013 Dressing et al. 2014) .
With 6395 Kepler Objects of Interest (KOI) to vet (Coughlin et al. 2015) , we adopted a strategy to conduct a comprehensive survey with Palomar 1.5-m/Robo-AO (Baranec et al. , 2013 and use Keck II/NIRC2 to follow up on secure and likely detections of companions. To date we have reported the optical detection of 53 contaminating companions within 2.5 in a sample of 715 KOIs ) and 206 companions within ∼ 4 to 1629 KOIs Ziegler et al. 2016 ). The addition of near-infrared observations to the existing visible data permits us to perform characterization of the detected stars, estimate their photometric parallax and the likelihood of physical association between primary/companion pairs, and calculate reinterpreted sizes for individual planet candidates. In several cases we have also found additional unseen companions.
Section 2 of this paper describes the observations made and the image reduction process for Keck II/NIRC2 data. Section 3 describes the derivation of photometric and stellar characteristics from the objects studied, including techniques used for fitting to stellar type and results thereof. Section 4 discusses the spectral fit results in context of the entire KOI catalog. The paper concludes in Section 5 with an overview of our findings and an outline of future avenues of investigation. 
OBSERVATIONS AND DATA REDUCTION
The initial observations identifying companion candidates are from multiple Robo-AO observing runs on the Palomar Observatory 1.5-m telescope, spanning July to September 2012, April to October 2013, June to September 2014, and June 2015. Observations were in either Sloan-i or a long-pass 600nm (LP600) filter, the latter being similar to the Kepler -bandpass when combined with the EMCCD's quantum efficiency curve for red/cool stars. Images were automatically reduced by the Robo-AO observing pipeline .
The near-infrared observations are from the NIRC2 instrument on the 10-m Keck II telescope, conducted 2013 June 24, August 24 and 25, 2014 August 17, 2015 July 25, and August 4 in the J, H, K, and/or K p filters in the narrow mode of NIRC2 (9.952 mas pixel −1 ; Yelda et al. 2010) . For KOIs brighter than m V ∼ 13 we typically used the KOI as the guide star in natural guide star mode, and for fainter KOIs we used the laser guide star, with the KOI as the tip-tilt-focus guide star van Dam et al. 2006 ). An initial 30s exposure was taken for each target, and we waited for the low-bandwidth wavefront sensor to settle if the laser was used. The integration time and number of coadds per detector readout were adjusted to keep the peak of the stellar PSF counts less than 8,000 ADU per single integration (roughly half the dynamic range where sensitivity of the detector is linear), while maintaining a total exposure time of 30s. Dithered images were then acquired with the primary centered in the 3 lowest noise quadrants using the 'bxy3 2.5' command, for a total exposure time of 90s. Occasional dither failures, particularly on 4 Aug 2015, resulted in exposures where the target is centered on the detector.
Images are first sky-subtracted and then flat-fielded. A pipeline developed for this investigation is then used to automatically pick out companion stars by spatially binning pixels and selecting the locations of the brightest bins as candidates. These candidates then have their radius measured in the eight cardinal and intermediate directions from their local centroid. This measurement steps in the given direction until it finds a value consistent with the measured background value within a specified confidence interval (initially 3σ). If the median radius is both larger than a specified cutoff value (typically 3 pixels) and the standard deviation of the measured radii smaller than the same cutoff, the candidate is accepted as a star. The brightest star in the field is assumed to be the primary unless manually specified otherwise (the narrow 10 NIRC2 field makes this a rare occurrence). If a companion is not found, the background confidence interval and radius cutoff are adjusted to optimize for close (< 0. 5) companions and the procedure repeated. If the procedure fails to find a companion, or if it finds multiple companions, a warning message notifies the operator to review the source image.
For the majority of targets the pipeline correctly locates the primary and any present companions, but manual validation is necessary for many targets largely because the speckles in the point spread function (PSF) are mistaken for stars. To avoid this misinterpretation the pipeline cross-references stars found in different filters for the same object, and discards any objects that do not appear in multiple filters. In some cases, images were only taken with one filter (typically K p ), and thus cross-referencing is not possible. These targets are then manually vetted and removed if visually confirmed to be associated with the primary PSF (i.e. coincident with rays projecting from the primary and presenting a PSF inconsistent with other imaged stars).
The separation and phase angle of each companion are measured from these individual reduced images, with uncertainties measured from the variability in measurements across all available images, and corrected for distortion using the most recent solution (Service et al. 2016) . Last, images are co-added into a single composite image for each target and filter for use in photometry.
Aperture Photometry
For the majority of our Keck data, the diffractionlimited resolution makes simple aperture photometry sufficient for measuring the contrast between the two stars. To account for the overlap of the stars' PSF envelopes, a matching aperture from the location opposite each star relative to its companion is used to estimate background subtraction, if available. In cases where the corresponding Robo-AO results were unavailable the method was also applied to those images, using the known position of the companion taken from the Keck analysis.
Systematic error from aperture size is our primary source of uncertainty, and is measured as the standard deviation of contrast across a range of aperture sizes from 1 to 3 FWHM in 0.5 FWHM increments. Injected companions are used to estimate further uncertainties typically yielding an error of 5%.
3. ANALYSIS 3.1. Photometric Classification of Stars By combining our contrast measurements with extant JHK photometry for the blended system (from the Exoplanet Archive 5 ) we derive the multi-color photometry for all components of each system. For blended magnitudes lacking a reported uncertainty (i,Kep), one was estimated based on the measurement's reported source as recommended by the guide supplied by MAST (STScI 1997). 5 http://exoplanetarchive.ipac.caltech.edu Most JHK magnitudes are from the 2MASS catalog (Liebert et al. 1995) .
6 The documentation on Kepler magnitude sources at archive.stsci.edu/kepler/help/columns.html under heading 'Kep-Multi-color photometry allows characterization of the stars, necessary as the existing data on these objects is drawn from a blended target. Effective temperature is relatively strongly correlated with color-color photometry, but stellar radius (upon which our measurement of a transiting planet's size is dependent) exhibits a much weaker correlation for late-type stars. To demonstrate the systematic biases inherent in photometric type-fitting, we present fitting results from 2 different photometric datasets.
The first dataset is a set of metallicity-and ageagnostic stellar SEDs, originally assembled from a heterogenous set of models and data for an investigation of the Praesepe and Coma Berenices open clusters by Kraus and Hillenbrand (2007) , henceforth KH07, and which has previously been used for photometric fitting of exoplanet host stars (e.g. Bechter et al. 2014; Wang et al. 2014 Wang et al. , 2015 . Photometric values for the Keplerband were computed by the method described in Brown et al. (2011) using an arithmetic combination of gri colors. The list of types and magnitudes from KH07 is expanded with missing types linearly interpolated from existing data, and an additional 9 intermediate types also interpolated between each two adjacent integer stellar types (e.g. type G2.5 is linearly halfway between G2 and G3). This makes a table of 521 entries from B8 to L0 to be fitted to as standards, and with matching absolute magnitudes and radii. The interpolated decimal types are not reported directly but those entries are used to refine radius/distance estimates. Radii for spectral types are drawn from Habets and Heintze (1981) .
To fit types we use a Monte Carlo technique, generating a Gaussian distribution for each of the photometric combinations J −K, H −K, i−K, and Kep−K, if information in the respective filters is present. K was chosen as the baseline as it produces the most precise contrast measurements and occupies the longest wavelength. Extinction is corrected for during this fitting process, relying on the canonical A V for each target in the Kepler catalog and adjusted for the various filters/bandpasses via the standard relations from Cardelli et al. (1989) :
Each time beginning in the center of the list of standards, the Gaussian-generated photometry is compared to each canonical type's set of magnitudes to measure the error for all available data, as
where m f #, * and M f #,typ are the star's measured apparent magnitude and the standard's absolute magnitude in filters f 1 and f 2. The quality of the fit against the given standard is then
where w f ilter−K is the weight of the respective filter combination as
mag Source' describes the respective uncertainties for the Kepler magnitude sources.
Note that Equation 2 does not require normalization as the number of filters used is consistent for a given star. R 2 is also measured for comparisons to standards in both directions (earlier-and later-type), and moved if a lower R 2 is found in either. The process repeats until it finds a minimum R 2 . The type, radius, and absolute magnitudes are recorded and the next member of the Gaussiangenerated list is fit to the standards in the same way. After fitting every entry on the list, the means of type, radius, and absolute magnitudes are taken as the fitted values, and the standard deviation of the latter two are their uncertainties.
The second set is the Kepler Input Catalog's (KIC) primary standard stars as reported in Brown et al. (2011) , henceforth B11. The advantage of this catalog is that these stars are in the Kepler field and therefore reasonably representative of stars in our sample. The subset of standard stars with which each studied KOI component's photometry is consistent to 1σ was used to compute a mean and standard deviation for the star's stellar parameters. Subsets are typically 10% of the full list of primary standard stars (or ∼ 30 stars) for each fitted object. Given the relatively poor correlation in the KIC standards of any of the measured stellar characteristics with NIR-only color comparisons, only Kep − K and i − K measurements were used. For stars without available Kep-or i-band measurements (with LP600 approximating Kep), a fit is not produced. If the photometry for a target fits two or fewer primary standard stars, its results are omitted. The effective temperature is then fit to a modeled stellar catalog to produce absolute magnitudes (Pecaut and Mamajek 2013) , and compared to apparent magnitudes in turn to estimate distance. The KIC standard magnitudes were corrected for extinction/reddening as calculated from Schlafly and Finkbeiner (2011) .
The fitted values for both methods are displayed in Table 1 . The two methods are in broad agreement, although disparities are apparent for M-type companions in particular as the KIC primary standards contain few objects in that temperature range and exhibit a systemic overestimation of late-K and M-type radii that is not corrected for here (Muirhead et al. 2012) . While the range of potential fit types for KH07 covered the full main sequence from B8 to M9, almost all stars fit to late types F-M.
Notably, two stars are presented as type B8, and five are too poorly restrained to produce KH07 fits. For the former, B8 is the end of the fitting range, and indicates they are too blue (adjusted for reddening) to fit to our list of main sequence stars. These stars are then very distant O/B types, and at 2 of 159 total stars analyzed by KH07 make up ∼ 1% of the sample. As we are unable to fit above B8 their properties are not well constrained, and we present radius and distance as lower limits.
KH07 fitting fails to fit five stars in the sample due to relatively poor photometric constraints in one or more observation bands.
Uncertainties of Fitted Characteristics
As described above, the photometric uncertainties arise largely from sampling the contrast for a range of photometric apertures and the inherent 5% error measured by injection tests. For the stellar type fitting to KH07, the full Monte Carlo fit measures the uncertainty of derived characteristics. Gaussian distributions matching each apparent magnitude measurement and uncertainty thereof are grouped into sets, and each set has its type and other fitted characteristics calculated by the method described above. The measured uncertainty in the derived characteristics is then the standard deviation of the full set of measurements. Uncertainties from the B11 fits are simply the measured standard deviations of the respective parameters of 1σ consistent KIC standard stars. Uncertainties may be underestimated due to the granularity of the data being fit.
B11 also reports that use of photometric fitting on Kepler primary standard stars results in uncertainties of approximately 200K for effective temperature and 0.2 dex for stellar radius without prior constraints on stellar age or metallicity. We take this to be generally applicable to all our photometric type-fitting, but it is not factored into the uncertainties reported in Table 1 . 2.27 TABLE 1 Stellar parameters as a result of two different fitting techniques. σunassoc is the certainty (in standard deviations) that each companion is physically unassociated with its host due to their respective distances. The Kraus & Hillenbrand fit yields a stellar type and corresponding radius (Kraus and Hillenbrand 2007) . Values are interpolated between the table items in the source for improved precision. The fit to the KIC primary standards from Brown yields effective temperature and stellar radius for all stars with sufficient photometry, as produced by comparison to stars with similar color-color measurements among the 279 entries in the KIC Primary Standard catalog (Brown et al. 2011 ). As noted, photometric type-fitting of Kepler targets has been found to have a limiting accuracy of ±200K and ∼0.2dex respectively, which is largely a function of age/composition and is not taken into account here. For each primary/companion pair a distance measurement was produced from the measured apparent and fitted absolute magnitudes, and used to generate a confidence of non-association between the two objects.
3.3. On Potential Giants Dwarf-giant eclipsing binaries were originally expected to be approximately 200 times more abundant than detected planet-star transits in the Kepler field (Brown 2003) . The assembly of the Kepler Input Catalog made use of Bayesian techniques to exclude most of these giants (Brown et al. 2011) . Remaining dwarf-giant eclipsing binaries are identified and screened by the Kepler analysis pipeline, particularly by the presence of secondary eclipses in light curves Tenenbaum et al. 2013) . Although a dwarf-giant eclipsing binary with (or as) a contaminating companion should be a relatively rare arrangement, it is reasonable to expect that some might still fall out of a dataset as large as the KIC. It has been demonstrated spectroscopically that a number of late-type Kepler Input Catalog stars photometrically characterized as dwarfs are in fact giants, but also that an improved photometric cut exists as K p − J > 2 and K p < 14 that contains 96% ± 1% giants (with the corresponding K p − J > 2 and K p > 14 containing only 7% ± 3%), allowing us to investigate our updated photometry for the possibility of giants hiding in blended KOIs (Mann et al. 2012) . None of our observed stars meet this set of criteria, and thus all objects are likely dwarfs. Table 1 lists the confidence for each host/companion pair to be physically unassociated, derived from the respective distances and uncertainties of both fitting methods. The noted uncertainties in photometrically fitting temperature/radius (±200K and 0.2dex, respectively) to individual stars reported in B11 are ignored for the distance estimates and physical association confidences as they are functions of stellar age and metallicity, which should be consistent across all members of a physically associated system. We treat all pairs with ≥ 5σ level of confidence to be inconsistent with a physically associated/gravitationally bound scenario. Note that pairs with ≤ 5σ are not necessarily associated/bound but are not inconsistent with such an interpretation. The KH07 method then identifies 13 physically unassociated companions, while the B11 method finds 10.
Probability of Physical Association
The two methods agree to 5σ on the unboundedness of only one companion, 2001B. Of the other 12 unbound candidates via KH07, 9 do not have B11 fits, and one (2317B) has a marginal B11 σ unassoc = 4.90. Only two, 1989B and 2664B, are unbound by KH07 and disputed by B11, for which the methods agree on distances but have respective B11 σ unassoc of 3.63 and 2.91 due to larger uncertainties on the B11 results.
B11 also identifies 10 additional physically unassociated companions that do not qualify by the KH07 measurement, though two (628C and 2813B) are marginal. We note that uncertainties for the B11 method are systematically underestimated by the granular dataset, and many could not be fit due to that catalog's relative sparsity, particularly for late-type stars.
The B11 results are presented to check the reproducibility of the KH07 fitting method, but given the noted issues with the former the KH07 results are preferred, and are the focus of this work. 
The transit depth and radius relative to potential host for all transit candidates, evaluated for association with all possible host stars. Evaluated only for KOIs with Kepler-band contrast observations. Candidates with radii lower limits indicate the depth of the eclipse is equal to or greater than the star's full light.
3.5. Updated Transiting Object Parameters For KOI systems observed in the Kepler band, we reinterpret the relative depth and size of all transit candidates in Table 2 , relying on the KH07 results as new stellar characteristics. As we lack the ability to determine whether the primary or a companion is the host of the transiting object, all possible scenarios are presented. Note that these derivations require knowledge of each KOI component's luminosity in the transit band, and thus only candidates with resolved LP600 photometry are shown. As mentioned in section 2, the LP600 combined with the EMCCD's sensitivity curve approximates the Kepler passband, suppressing blue wavelengths that experience less benefit from adaptive optics correction.
With the new planet candidate sizes we estimate the probability each has a radius R > 15R ⊕ , the rough position of the boundary between gas giants and late-type stars. We then assume that every star in a blended KOI is an equally likely host for the transit, and measure an overall P(R > 15R ⊕ ) as the mean average of probabilities for all possible hosts. This identifies potential false positives but does not constitute a full false positive calculation. Table 3 shows the results for all candidates for with P(R > 15R ⊕ ) ≥ 0.01. We did not take into account the relative prevalence of planetary bodies and brown dwarfs, which might indicate that planets are generally more likely system members and invalidate the assumption that all possible configurations are equally likely.
Three candidates have been identified elsewhere as false positives. Likely the largest transiting object, KOI1447.01 appears in the Kepler Eclipsing Binary Catalog (Slawson et al. 2011 ). KOI0190.01 has a disposition of FALSE POSITIVE in the Exoplanet Archive from radial velocity measurements. KOI1112.01 has been identified as a false positive via ephemeris matching with the nearby KOI4720 by Coughlin et al. (2014) , which notes that two stars are separated by only 4. 8, and states that the transit host is believed to be a third then-unobserved object. This implies the host is KOI1112B, which elevates our estimate to P(R > 15R ⊕ ) = 0.95.
DISCUSSION
Probabilities and uncertainties in this section are computed binomially by the method described in Burgasser et al. (2003) .
Of the 93 companions with sufficient photometry, 13 (or 14.0%
+4.4%
−2.9% ) are inconsistent with physical association with their primaries via KH07, while the B11 method gives 10 unassociated companions out of 53 examined (or 18.9% +6.5% −4.2% ). All others are < 5σ consistent with a bound interpretation. Simulations have previously demonstrated that the vast majority (96%) of narrowly-separated companions (< 1.0 ) are physically associated (Horch et al. 2014) . As 6 out of 40 (or 15% +7.3% −4.0% ) narrowly-separated primary/companion pairs with fit results are inconsistent with a bound interpretation to 5σ, our results are inconsistent with the Horch prediction to ∼ 2.3σ and we see no evidence that narrowly separated (< 1.0 ) companions are more likely to be physically associated than KOI companions in general or than widely-separated companions, for which we determine 7 of 53 or 13.2% +6.0% −3.3% are unbound. Via transit reinterpretation we have 38 potential non- planetary objects out of 88 reinterpreted transiting objects. By summing the computed P(R > 15R ⊕ ) values this sample has a mean of 12.8
−3.1 , or 14.5%
of candidates with (R > 15R ⊕ ). Considered with the previously reported 17.6% ± 1.5% nearby-star (companion) probability of Baranec et al. (2016) , we estimate a (R > 15R ⊕ ) rate due to unresolved companions to be 2.6% ± 0.4%. This is a rough measurement of false positives in the KOI catalog and is easily consistent with the broad < 10% false positive rate predicted by modeling (Morton and Johnson 2011) . On the whole, the derived planet candidate sizes are only slightly larger than estimates from Law et al. (2014) , henceforth L14. The exceptions are primarily those candidates listed in Table 3 . These are much larger than the L14 predictions as our analysis includes new sizes for the host stars and accounts for the change in distance estimates, whereas L14 used the original Kepler predictions derived from blended light.
KOI0191: Possible Coincident Multiple
L14 noted that this system is a priori unusual as the only multi-candidate KOI to have a large Jupiterclass candidate (> 10R ⊕ ) in a very close orbit (P < 20d). Assuming binarity (of KOI0191A/B), L14 calculated a planetary candidate size of 11.3R ⊕ for the A scenario and 29.3R ⊕ for B, making the potential KOI0191B/KOI0191.01 system a close eclipsing binary in a hierarchical triple. With the inclusion of JHK photometry, we revise these estimates upward to 13.9R ⊕ and 55.9R ⊕ , respectively.
Although hot Jupiters were previously thought inconsistent with other short-period planets, the discovery of multiple planets in the WASP-47 system proves the arrangement does exist in nature (Becker et al. 2015) . Thus, we can not rule out that all four candidates are hosted by KOI0191A and are then planets.
KOI0268: No Longer Habitable
Both companions of KOI0268 have also been reported in Adams et al. (2012) . KOI0268.01 was originally identified as a potentially habitable super-Earth with a radius of 1.7 R ⊕ and equilibrium temperature of 295 K. L14 reports both companions, and notes that if the planet orbits either of them rather than the target A, the equilibrium temperature of the planet will probably not be in the habitable range. The candidate's equilibrium temperature in literature has since been revised upward from 295K to 470K as reported in the Exoplanet Archive. Our fitted stellar types (from KH07) yield an uninhabitable surface temperature of 650K if hosted by A. For B and C both we estimate a surface temperature of ∼350K, marginally allowing for the presence of liquid water, but the reinterpreted sizes imply a gas giant hosted by B or an eclipsing binary at C. Exomoons notwithstanding, this rules out habitability for KOI0268.01.
4.3. KOI1447: Double Eclipsing Binary Both KOI1447.01 and KOI1447.02 are likely too large to be planets for either potential host, and .01 was included in the second release of the Kepler Eclipsing Binary Stars catalog (Slawson et al. 2011) . Given the size of both candidates and their short orbital periods (40.2d and 2.3d, respectively), it seems likely they would conflict with each other if in the same system. KOI1447 is then a unique double false positive, consisting of two merely visually associated eclipsing binaries with coincidentally low inclination.
CONCLUSIONS
We have obtained visible and near-infrared multiwavelength photometry of 104 blended companions to 84 KOIs, validating the original detections by Robo-AO. We report additional companions not originally detected by Robo-AO's original investigation. We find that 14.5%
+3.8%
−3.4% of the investigated companions are physically unassociated with their KOI primaries at the 5σ level. Additional follow-up is recommended to confirm this result, with spectroscopy of both targets the best means of measuring log g to confirm actual sizes and distances, and to provide improved constraints on transit candidate size. We also find no evidence that narrowly separated KOI companions are more likely to be physically associated than widely separated companions, contrary to prior modeling work.
We have also reinterpreted 88 transit candidates, refining estimates of size given possible hosts and identifying 43 candidates potentially too large for planetary interpretation. With some assumptions, this produces an overall P(R > 15R ⊕ ) for transits with detected contaminating companions of 17.5% +4.1% −3.7% , or an overall P(R > 15R ⊕ ) for all KOIs (as a result of undetected companions) of 2.5% ± 0.4%. A more complete set of JHK follow-up on KOI companions would refine this result.
Given the termination of Kepler 's primary mission, solving host ambiguity for individual transit candidates is difficult. A close review of extant Kepler data for astrometric motion or light curve re-analysis may detect centroid motion correlated with transit that would identify the host star. Independent investigations like radial velocity and ground-based AO transit imaging are possible but difficult and limited to bright targets and deep transits, respectively. This work was partially supported by the NASA XRP grant NNX15AC91G.
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